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Abstract

In this work, the effects of Co,Zn;_, Fe,0, (x=0, 0.5, 1) nanofillers on the PVDF polymer were scientifically studied. The
structure and magnetic and optical properties were studied. XRD confirms the synthesis of nanofiller in a single phase.
FTIR confirms the formation of nanoferrites. HRTEM shows that the prepared nanoferrites have a cubic-like shape. Also,
the size and agglomeration increase with Co-Zn Fe,0O, nanoferrites compared to the other singles one. The effect of adding
nanoferrites into PVDF matrix was studied using XRD, FTIR, FESEM, VSM, and UV-Vis. XRD and FTIR approved the
complexation between PVDF polymer and nanoferrites. Also, addition of nanoferrites into PVDF leads to decrease the semi-
crystalline nature of PVDF. FESEM showed that embedding nanoferrites into PVDF polymers creates pores and PVDF/
Co-Zn Fe,0, increases the pore size on the PVDF surface. The magnetic properties of PVDF were enhanced by adding the
nanofiller. For example, saturation magnetization was increased from 269.31E7% to 62.052E~° by adding CoFe,0, to PVDF
polymer. Band gap calculation showed that PVDF/Co-Zn Fe,O, has the lowest band gap energy which makes it useful in

photochemical and electronic applications.
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Introduction

Nanocomposite systems are now receiving the greatest inter-
est from the scientific community due to their extensive use
in a variety of applications, including sensors, microelec-
tronics, photocatalysis, the biomedical field, and lithium-
ion batteries [1-3]. In this direction, ferrite-based polymer
nanocomposites are assumed as the highly effective one
because of their unique characteristics, such as flexibility,
low density, large surface area, low cost, and straightforward
preparation methods [4].

The selection criteria of polymers and the nanofiller are
very critical for adjusting the entire physical properties of
the polymer-nanofiller matrix [5]. Poly vinylidene fluoride
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(PVDF) polymer is a highly elastic and semi-crystalline
material with significant ferroelectric and piezoelectric
properties [6]. These properties make PVDF to be the most
fascinating one in the polymer research field [7, 8]. f-phase
content is an important parameter and distinguishes the
PVDF polymer which causes the ferroelectric properties of
the PVDF polymer. Different types of organic and inorganic
fillers were used to improve the f-phase content [9, 10].
Inclusion of magnetic nanoferrites such as CoFe,0, and
ZnFe,0, as a filler in polymeric matrix can overcome the
agglomeration limitation which is related to magnetic nano-
ferrites [7, 11]. On the other hand, nanoferrites which have
high dielectric constants, such as ZnFe,0,, are appropriate
for the design of several devices; however, due to the fragile
nature of these ferrites, they have limited applications. Also,
this drawback can be vanished by using PVDF as polymeric
matrix for nanofiller [12—17]. The effects of magnetic fill-
ers on the magnetic properties of PVDF polymer have been
described by many studies. The antiferromagnetic character
of PVDF loaded with various magnetic nanoparticles is con-
firmed by previously published research, and this behavior
varies with temperature [18-20]. Additionally, as reported
by Shandilya et al. [21], the same result may be obtained by
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using magnetic nanoparticles in several kinds of polymers
such as ethyl cellulose, expanding the spectrum of uses for
magnetic nanocomposites. The magnetic nanofillers had the
advantages of improving the #-phase content and the mag-
netic properties of the polymer [9, 18-21].

Magnetic composites have a large specific surface area,
strong hydrophilicity, and are often employed in many prac-
tical applications including photocatalysis, sensors, and
chromatographic separation, and the current study is focused
with the magnetic characteristics. Also, we are motivated
to study the optical characteristics of the prepared samples
because of the potential use of PVDF polymer in optoelec-
tronic applications [22-24].

Moreover, we wanted to explore the impact of a com-
position with various ratios of CoFe,0,/ZnFe,04 on the
characteristics of PVDF since many researchers examined
PVDF filled with CoFe,0, and ZnFe,O,, which produces a
noticeably improved performance of its features.

Herein, our aim is the fabrication of polymer nanocom-
posite films with approximately uniform distribution of
the nanofillers which can help to improve many important
properties. We expected that the inclusion of nanofiller with
formula (Co,Zn,_, Fe,O,; x = 0, 0.5, 1) in PVDF matrix
can improve its performance such as optical and magnetic
properties. Even though this nanoferrite conducting PVDF
polymeric matrix can provide new properties which dif-
fer than the individual counterpart properties, among the
nanoferrite, this formula (Co,Zn,_, Fe,0,; x =0, 0.5, 1) was
chosen due to the thermal and chemical stability nature of
Co-Zn ferrites which enables them to be used in memory
and electronic devices.

Methodology
Materials

Zinc nitrate [Zn (NO;),.6H,0], cobalt nitrate
[Co(Nos),.6H,0], iron nitrate [Fe((NO5);.9H,0], PVDF
[poly vinylidene fluoride] polymers, dimethyl sulphoxide
(DMSO), and citric acid [C¢HgO4] were purchased from
LOBA, India.

Preparation of nanoferrite

The citrate auto-combustion technique was used to produce
nanosamples of (Co,Zn,_ Fe,0,; x = 0, 0.5, 1). Powder
phase (0.7 M) citrate acid thoroughly combined with (0.1 M)
iron, zinc nitrates, and/or cobalt nitrates. The mixture’s pH
was then brought up to 7 through adjusting the ingredients.
Finally, the mixture was heated to 250 °C until all traces of
gas were gone, and the resulting powder was calcined at 800
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°C for 2 h. Here are some equations that could be used to
describe this process:

800 C

Co (NOy),.6H,0 + 2Fe(NO3 ) ;. 9H,0 + C4HgO; —> CoFe;0, / (1)
800 C

Zn (NO5),.6H,0 + 2Fe(NOy) , 9H,0 + C4,HyO7 — ZnFe;0, / (2)

Co (NOs),.6H,0 + Zn (NOs),.6H,0 + 2Fe(NO;) ,.9H,0

800 C
+ C,H80, —> 2 CoysZnysFe,0, /
3

Preparation of PVDF/nanoferrite nanocomposites
films

For removing any moisture content, PVDF powder was
dried at 60 °C in a vacuum oven for 2 h. Appropriate
amount of PVDF (0.5 gm) was dissolved in dimethyl sul-
phoxide (DMSO) until entire solubility. Equal amounts
(0.026 gm) of the prepared nanoferrite (CoFe,0,, ZnFe,0,,
and Co 5Zn, sFe,0,) was added to polymer solution form-
ing three samples of PVDF/CoFe,0,, PVDF/ZnFe,0,, and
PVDF/Coy sZn, sFe,0, to be (95/5 wt/wt.%). The nanocom-
posite mixtures were sonicated to avoid accumulation of
nanoparticles, and then, the final solutions were transferred
into Petri dish for 12 h at 60 °C.

Measurement techniques

In order to perform an XRD study on the produced nanocom-
posites, a PANalyticalX'Pert Pro target Cu-K was used in con-
junction with a secondary monochromator Holland radiation
tube running at 45 kV and wavelength = 0.1540 nm. Data are
collected using a VERTEX 80 FTIR spectrometer in the range
4000-400 cm™! (Bruker Corporation, Germany). The structure
of the produced nanoferrites was seen by high-resolution trans-
mission electron microscopy (HRTEM) utilizing a JEM-2100F
electron microscope at 200 kV accelerating voltage. Quanta
250 FEG, run at 20-30 kV, was used for the FESEM analysis.
A vibrating sample magnetometer (VSM) series of equipment
was used for the magnetic measurements (Lake Shore VSM
7410). The Japanese-made Jasco UV-Vis (V-630) was used to
acquire UV-Vis absorption spectra covering 190—1000 nm in
wavelength.

Results and discussion

XRD

As shown in Fig. 1, the XRD pattern of nanopowder exhibits
a spinel structure according to ICDD card no [01-089-8487]
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Fig. 1 XRD pattern of Co,Zn,_, ——Co-ZnFe204
Fe,0, and PVDF/Co,Zn,_,
Fe,0, nanocomposite films (x =
0,05, 1)
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Table 1 Crystallographic data of Co,Zn, , Fe,0,; x =0, 0.5, 1, includ-
ing crystallite size (D), unit cell volume (V), lattice parameters (a)

Composition D (nm)  CoFe,0, ZnFe,0,

a(d) VA ad) VA

CoFe,0, 27 5967 21245
ZnFe,0, 2 8475  608.67
CoysZngsFe,0, 30 5998 21578 8461  605.76

and [01-079-1150] related to CoFe,O, and Zn Fe,0,, respec-
tively. The average crystallite size of the prepared nanofer-
rites is calculated and listed in Table 1 by using Scherrer’s
equation [25]:

_kx
Bris c0s O

“

where D is the average crystallite size in nm, k is the
shape factor (0.9), and 4 represents the wavelength of the
X-rays, while j3,,, related to the full width at half maxi-
mum (FWHM) expressed in radians, while O is the Bragg

20°

diffraction angle. Based on the lattice parameters calcu-
lations, it was observed that, for the lattice parameter a
related to Co-ferrite was 5.967 A, it was increased to be
5.998 A in the Co-ZnFe,0, composition. Even though the
unit cell volume values were 212.45 (A)? and 215.78 (A)?
for Co,FeO, and Co, sZn, sFe,0,, respectively, on the
other hand, Zn-ferrite followed an opposite trend, as the
lattice parameter a and unit cell volume were decreased
from 8.475 A and 608.67 (A)® to 8.461 A and 605.76
(A), respectively, by the transition from Zn-ferrite to
Co, 5Zn sFe,0,.

Figure 1 displays the XRD of PVDF and PVDF/
Co,Zn, , Fe,0,)x =0, 0.5, 1) nanocomposite films. Pure
PVDF shows a maximum semi-crystalline diffraction
peak at 20 = 20.5° [26, 27]. It is observed that by addition
of nanoferrites into PVDF polymers, the peak broaden-
ing increases and becomes more broadening for PVDF/
Co-ZnFe,0,. Also, there is a noticeable decrease in the
intensity of the diffraction peak at 20 = 20.5° PVDF/Co-
ZnFe,0,, and it is shifted to higher 2 theta compared to
the other doped nanoferrites. This approach confirmed
that PVDF/Co-ZnFe,0, decreases the semi-crystalline
nature of PVDF.
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The (XRD) pattern indicates that the fp-phase pre-
dominates, with small peak at 18.30° corresponding to
the a-phase. The sharp and intense peaks at 19.85° and
35.90° are due to the formation of the f-phase [28, 29].

FTIR

Figure 2 represents FTIR spectrum related to the prepared
nanoferrites. Bands from 600 to 500 cm™' are related to the
vibrational mode of M**- 0>~ (M** = Co™ and Zn™?) (v,) in
the octahedral site). While bands between 480 and 400 cm ™!
describe the vibrational mode of Fe’*-O* in the tetrahedral
site [30-32], for Co-ZnFe,0,, it is observed that there are
shifts in the bands compared to that in CoFe,0, and ZnFe,0,.
The lengthening or shortening of bonds could account for this.
The stretching mode energy responds to variations in unit
cell volume via two mechanisms: shifts in bond length and
shifts in the crystal field. When the unit cell is reduced and
the crystal structure is brought closer together, for instance,
the bond lengths typically contract, resulting in an increase in
the stretching mode frequency. However, at the same time, the
vibrating atoms feel a greater attraction to the adjacent ions,
resulting in an increase in the dielectric constant of their local

surround and efficiently lowering the stretching frequency.
However, increasing the average mass of the metallic ions
participating in the stretch may account for the lower absorp-
tion frequencies achieved by exchanging the heavier Zn ion
(Mw = 65.38 g/mol) with the lighter Co (Mw = 58.93 g/mol).
Since the v, band maximum increases during the transition
from CoFe,0, to Co sZn, sFe,0,, and decreases during the
transition from ZnFe,O, to Co, 5Zn,, sFe,0,, we may infer that
the latter transition is responsible for the frequency changes.

The characteristic peaks for pure PVDF were observed
at 1401 cm™! which is associated with CH, wagging
mode [33]. Two spectra bands at 1167 cm~! and 1070
cm~! were assigned for the asymmetric and symmetric
stretching vibration of CF,, respectively [34]. While CF,
bending vibration bands were recognized at 601 cm™~! and
477cm™! [35], the bending of C-H was observed at 875
cm~! [36]. There are two asymmetric stretching vibration
bands that were related to C—C—C and C—F at 837 cm™!
and 772 cm™!, respectively [37]. Bands at 442 cm™' and
430 cm™! are related to CF, banding vibration. For PVDF/
Co,Zn,_, Fe,0, nanocomposite films (x = 0, 0.5, 1), the
band at 430 cm™! is disappeared, and there is an increase
in the intensity of the band at 442 cm™! which is associated

Fig.2 FTIR of Co,Zn,_, Fe,0,

Co-ZnFe,0,

PVDF/ Co-ZnFe,0,

and PVDF/Co,Zn,_, Fe,0, ZnFe,0,
nanocomposite films (x = 0,
0.57 1) CoFe,0,
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with [metal<>O] stretching vibration which approved the
interaction between PVDF and the prepared nanoferrites.

We deconvoluted the FTIR spectra to calculate the
relative percentage percent of f-phase in each sample in
region from 1600 to 400 cm™!.

F (P) is calculated using the following relation:

Ap
F(p) %=
3 A, +A,

x 100 5)

where A, and A, in Eq. (5) are the areas correspond to
absorption peaks at 760 cm™! for  and 840 cm™! for f-phases
and K, = 6.1 x 10* and Ky ="1.7Xx 10* cm?/mole are the

Fig.3 HRTEM and SAED of
CoZn, , Fe,0, (x=0,0.5, 1)

absorption coefficients for a- and f-phases. The bands at
444,512, and 840 cm™! were regarded as characteristic of the
f-phase. However, intensive absorption bands at 530, 614, and
796 cm™! are evidence of the high content of a-phase [38].
Bands at 444, 512, and 840 cm™" were thought to be rep-
resentative of the f-phase. Intense absorption bands at 530,
614, and 796 cm™!, however, provide proof of the significant
a-phase concentration [38]. The calculated crystal structure
p-phases content was 81.5%, 82.8%, 85.0%, and 84.2% for
PVDF and PVDF/Co,Zn,_, Fe,O, nanocomposite films (x =0,
0.5, 1), respectively. This shows that the nanofillers improved
the percentage of #-phase in the nanocomposite films to more
than 80%. This result is because the interaction between the
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Fig.4 FESEM of PVDF and
PVDF/Co,Zn,_, Fe,0, nano-
composite films (x =0, 0.5, 1)

incorporated nanoparticles and the fluorine atoms integrated
into the PVDF chain structure.

HRTEM

Figure 3 represents the HRTEM of CoFe,0,, ZnFe,0,, and
Coy 5Zn, sFe,0, nanoparticles. It shows that all powders have
a cubic-like shape. The size of Co, sZn, sFe,0, nanoparti-
cles shows the largest size with average particle size 2475
nm. The SAED image of the prepared samples confirmed the

@ Springer
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single structure and the high crystalline nature of the prepared
nanosamples which agrees with the XRD pattern.

FESEM

Figure 4 demonstrates FESEM images of PVDF and PVDF/
Co,Zn,_, Fe,0, nanocomposite films (x = 0, 0.5, 1). PVDF
image (Fig. 4a) shows smooth and homogeneous surface. After
doping, (Fig. 4b, f), the surface appeared soft, and the agglomer-
ates particles attached to each other owing to the high magnetic
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Fig.5 Magnetic hysteresis (M-H) loops of PVDF/M- ferrites nano-
composite films (M: CoFe,0,, ZnFe,0,, Co, sZn, sFe,0,)

properties of the prepared samples. It should be an advantage
when these materials are investigating for specific applications
such as the oil absorption capacity and heavy metal removal
from aqueous solution, as the sorbent material may be easily
recovered from water by using an external magnetic field [33].
It can be observed that the porosity increases with doping Co-
ZnFe,0,. Figure 4d shows an inhomogeneous distribution of
the nanoparticles in the sample included Coy sZn sFe,O,, and
this could be due to the interaction between zinc and cobalt fer-
rites with the PVDF chain, which make the homogeneity is an
important parameter to estimate the prepared nanocomposite
film properties. Also, EDX analysis confirmed the presence of
nanoferrites in PVDF.

VSM

Figure 5 illustrates the magnetic characteristics that are
shown by PVDF/Co-Zn ferrite films. These characteristics in
ferrites nanopowder are highly dependent on the cation distri-
bution, porosity, crystalline structure, grain size, grain bound-
ary structure chemical composition, and crystal structure.
However, it is possible to manipulate all these aspects of the
material using appropriate synthesis techniques. The magnetic
parameters that were determined based on the hysteresis loops
(M-H) of each of the produced samples are listed in Table 2.
The magnetic properties of PVDF/M- ferrites’ nanocompos-
ite films (M: CoFe,0,, ZnFe,0,, Co, sZn, sFe,0,); films are
studied through M-H plot (Fig. 5). PVDF has non-magnetic
nature, and this appears, compared to the pure nanoparticles,
that the value of the magnetic parameters of nanocomposites
is lower [34]. Though the ferromagnetic behavior of CoFe,0,
enhances the magnetic response of PVDF as it is clear from
Table 2, a narrow loop of PVDF/ZnFe,0, and PVDF/Co-
ZnFe,0, is shown in Fig. 5. The values of coercivity (Hc) and
retentivity (Mr) as listed in Table 2 prove the antiferromag-
netic nature of PVDF/ZnFe,0, film. We concluded that the

=
=
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=
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= ——PVDF/ CoFe,0,
PVDF/ ZnFe,0,
—PVDF/ Co-ZnFe,0,
T T T T T T T T
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Wavelength (nm)

Fig.6 UV-Vis of PVDF and PVDF/Co Zn, . Fe,O, nanocomposite
films (x=0, 0.5, 1)

changing in magnetic parameters value by changing the nano-
filler type is related to the coating of non-magnetic polymers
PVDF onto nanomaterials’ surface, restricting the surface
defects such as pores and cracks associated with nanoferrites.

The results attained were in excellent agreement with
those reported in previous studies [3—5] and support the
beneficial impact of magnetic nanofillers on PVDF polymer.

Optical properties

Figure 6 investigates the UV-Vis spectra of PVDF and
PVDF/Co,Zn,_, Fe,0, nanocomposite films (x = 0, 0.5,
1). As seen PVDF has an absorption peak at 199 nm. This
peak is assigned to the chromphoric group of PVDF and

1000 —
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o« 700 —— PVDF/Co-ZnFe,04
'E 600
S
% 500
> 400
=
3
= 300
200
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Fig.7 The variation of (a«hv)? and hv of prepared samples
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Table 2 Magnetic parameters, including saturation magnetization (M), coercive field (Hc), a ratio of the remnant magnetization to saturation
magnetization (M,/M,), the hysteresis loop area for PVDF/M- ferrites nanocomposite films (M: CoFe,0,, ZnFe,0,, Co sZn sFe,0,)

Composition M, emu/g M, ® emu/g MM, x 107 H. (Oe) Area erg/g x 10°
PVDF 269.3x 107 54 x 1076 20.0 x 1073 4759.3 0.32
PVDF/CoFe,0, 62.0x 107° 249 x 1073 0.4 1145.3 229.9
PVDF/ZnFe,0, 3.1x107° 87.6 x 1076 28.5x 1073 75.3 1.25

PVDF/Coy sZn, sFe,0, 40.0 x 1073 6.3 x 1073 0.16 115.7 159

related to n-n* optical transition. After doping PVDF
with metal ferrites, this peak shifted toward a higher
wavelength. This red shift is due to the closer packing or
agglomeration of the nanoparticles in the polymer. Also,
the peak broadening increases with doping. The extremely
high absorbance in the UV region related to the considered
films makes it of interest in applications of UV protection.
This observation confirmed the complexation between
PVDF and nanoferrites. The highest absorbance intensity
was observed in the PVDF/Co, sZn,, s Fe,O, nanocom-
posite film sample, which was ascribed to an increase in
charge carrier concentration caused by the larger defect
ratio formed by the integration of Zn and Co ferrites [39].
As is common knowledge, the analysis of the fundamental
absorption edge yields important information regarding the
optical band gap. An absorption edge is created when a photon
excites an electron during the absorption process, moving it
from a lower to a higher energy state. The optical band gap
energy (E,) is estimated from the following relation [35]:

(ahv) = B (hv — Eg)'/? (6)

where a is the absorption coefficient and equals 2.303(absorb-
ance)/(thickness of the film), B is constant, and ho is the photon
energy. Figure 7 represents the relation between (ahv)* against
photon energy hv. The band gap energy is estimated from the
intercept of the linear portion of the curve with zero hv axis.
As observed, PVDF/Co-ZnFe,0, nanoparticles have the low-
est band gap energy which makes it useful for photocatalytic
and electrical application. This is because the number of final
states in the system changes because of the development of new
localized states in the band gap and the increase of the charge
carrier’s concentration due to defects [39].

Conclusion

Nanoferrite fillers with different compositions of CoFe,0,,
ZnFe,0,, and Co-ZnFe,0, were prepared successfully by using
citrate auto-combustion method. Then, these nanofillers were
included to PVDF polymers to make nanocomposite films of
PVDF/(CoFe,0,, ZnFe,0,, and Co-ZnFe,0,). The structure of
the prepared nanocomposites film was studied using XRD and
FTIR. It is observed in HRTEM that the particle size obtained

@ Springer

from the HRTEM is larger than that obtained from XRD owing to
the agglomeration and formation of nanoclusters. This agglomera-
tion could be related to the high magnetic response of the prepared
nanofiller. FESEM demonstrated that the insertion of nanofer-
rites into PVDF polymers generates pores and that the addition
of PVDF/Co-Zn Fe,0, increases the pore size of the PVDF sur-
face. Consequently, adding these nanofillers to PVDF, causing
enhancement of the magnetic properties of the PVDF, and making
these films to be suitable for different applications. PVDF/Co-Zn
Fe,0, has the smallest band gap energy, according to calculations,
making it applicable in photochemical and electrical situations.
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